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Abstract—Wireless energy harvesting (WEH) provides an
exciting way to supply energy for relay nodes to forward
information for the source-destination pairs. In this paper, we
investigate the problem on how the relay node dynamically
adjusts the power splitting ratio of information transmission
(IT) and energy harvesting (EH) in order to achieve the optimal
outage performance. According to the knowledge of channel state
information (CSI) at the relay, optimal dynamic power splitting
policy with full CSI and partial CSI are both provided. Finally,
through simulations, the proposed power splitting policies can
improve the outage performances and the policy with full CSI
achieves the best performance. It is also shown that the policy
with partial CSI can approach the policy with full CSI closely
and incurs far less system overhead.
I. INTRODUCTION
Relay-assisted communication is an effective way to im-
prove the transmission reliability and extend the coverage.
However, in energy-constrained relay networks, the relay nodes
are usually equipped with limited energy supply, such as bat-
tery. In many cases, it is uneconomic or dangerous to approach
these relay networks for their adverse circumstance, therefore,
recharging or replacing batteries is difficult or impossible. As
a result, the lifetime of the relay networks is limited [1].
Recently, wireless power transfer and radio-frequency (RF)
energy harvesting provide appealing ways to recharge the
battery and prolong the lifetime. RF signals carry both in-
formation and energy, thus, the idea of simultaneous wire-
less information and power transfer (SWIPT) is proposed
in [2]and [3]. Two practical receiving schemes for SWIPT,
time switching (TS) and power splitting (PS), are proposed
in [4]. Furthermore, [5]-[7] study the dynamic time switching
(DTS) scheme and dynamic power splitting (DPS) scheme to
improve the quality of information transmission. In addition,
the SWIPT in the multi-carrier system [8] and multi-antenna
system [9] etc., are also discussed.
Nasir et al studies the relay network for SWIPT and pro-
pose time switching-based relaying (TSR) and power splitting-
based relaying (PSR) protocols in [10]. In [11], optimal power
allocation at the relay with wireless energy harvesting is
studied for multi-user transmission. The SWIPT in two-way
relay system is analyzed in [12]. In order to improve the
system throughput, adaptive time-switching protocols are also
proposed in [13]. Distributed power splitting for SWIPT in
multi-user multi-relay networks is proposed in [14]. Since
the PSR protocol outperforms the TSR protocol [10], we
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Fig. 1. System model
just focus our attention on the PSR protocol based relay
networks. In this paper, we consider a wireless relay network
using PSR protocol to harvest energy and adopting amplify-
and-forward (AF) scheme to relay signal. The relay has the
ability of dynamically adjusting the power splitting ratio of
information transmission (IT) and energy harvesting (EH) in
order to minimize the outage probability of IT. According
to the knowledge of channel state information (CSI) at the
relay, optimal dynamic power splitting policies with full CSI
and partial CSI are both provided. Through simulations, both
proposed policies indeed can improve the outage performances
and the policy with full CSI outperforms that with partial CSI.
II. SYSTEM MODEL
In this paper, the AF scheme based wireless relay system
with EH is considered, as shown in Fig.1. The source (S)
transmits the information to the destination (D), and we assume
that the direct link between the source and the destination
is not existing. The relay runs the amplify-and-forward (AF)
scheme because of its property of low complexity [15]. All
nodes are equipped with one antenna and an storage battery
to implement energy charging and discharging. The energy
for the wireless node operating, e.g., circuit running, is far
less than that for signal transmitting. We assume the node
running is only supported by the initial energy stored in
the battery and the initial value can keep the node running
in a large enough duration. Accordingly, the relay needs to
harvest energy from the received wireless signals for signal
forwarding. Each transmission duration T is equally divided
into two phases, the first T/2 is used for the source to transmit
wireless signal to the relay and the other phase is assigned for
the relay node to forward information to the destination. Here
h denotes the channel gain from the source to the relay and g
denotes the channel gain from the relay to the destination. We
assume both channels experience the Raleigh fading and keep
constant during the two phases [10]. As a result, |h|2 and |g|2
follow the exponential distribution with the mean value λh and
λg , respectively.
In the first phase, the source transmits the signal x(t) to
the relay with power Ps. The received RF signal at the relay
is
yr(t) =
√
Pshx(t) + nr(t), (1)
where nr(t) is the antenna noise and follows the Gaussian
distribution with zero mean and variance σ2r . The relay splits
the received RF signal into two streams with the power ratio
ρ ∈ [0, 1] by the power splitter. After that, √ρyr(t) is used for
the EH circuit. According to [4], the harvested energy at the
relay is
Eh = ερ
(
Ps|h|2 + σ2r
) T
2
, (2)
where ε (0 < ε ≤ 1) denotes the energy converting coefficient
of EH circuit. For simplicity, we assume ε = 1 in the rest
of this paper. The whole harvested energy is used to forward
information to the destination by the relay during the second
phase [10]-[14]. Thus, the transmit power of the relay is Pr =
ρ(Ps|h|2 + σ2r ). For a practical consideration, Pr should be
larger than zero, so that we let 0 < ρ ≤ 1. In the meantime, the
other RF signal
√
1− ρyr(t) is fed into the signal processing
circuit. Then the baseband signal at the relay can be expressed
as
y˜r =
√
1− ρ
(√
Pshx+ nr
)
+ np, (3)
where np is the additional baseband Gaussian noise with zero
mean and variance σ2p and x and nr are baseband expressions
of x(t) and nr(t), respectively. If ρ = 1, it is to say that the
relay stops transmitting signal to the destination and harvests
all the received energy. Consequently, in this case, there is
y˜r = 0 and the relay closes the information processing circuit.
Only if 0 < ρ < 1, the AF scheme is activated by the relay.
Following the AF scheme [15], the baseband signal transmitted
by the relay is
xr =
√
Prβ(ρ)y˜r (4)
where
β(ρ) =
√
1
(1− ρ)(Ps|h|2 + σ2r ) + σ2p
is the power normalization factor of the AF scheme.
In the second phase, xr is received by the destination
through the channel g. Hence, the received signal at the
destination is
yd = gxr + nd
=
√
(1 − ρ)PsPr
(1− ρ)(Ps|h|2 + σ2r) + σ2p
hgx+
g
√
Pr
(1 − ρ)(Ps|h|2 + σ2r) + σ2p
(
√
1− ρnr + np) + nd
(5)
where nd is additive Gaussian noise with zero mean and
variance σ2d . Then, the signal-to-noise ratio (SNR) at the
destination can be derived as
γ(ρ) =
Ps|h|2|g|2
|g|2σ2r +
|g|2σ2p
1−ρ +
σ2
d
Prβ(ρ)2(1−ρ)
. (6)
It is easy to see that γ(ρ) is related with the value of ρ.
In other words, power splitting factor ρ affects the system
performances drastically. Therefore, we need to figure out
the problem that how to split the signal power so as to
achieve the optimal transmission performances. We use the
outage probability at the destination to indicate the system
performances. Observe (6), we can see that γ(ρ) is also the
function of h and g. If the relay has the ability to adjusting
its ρ according to the channel state, the outage performance
can be optimized. Given the available knowledge of CSI at
the relay, we consider two cases to study the optimal power
splitting.
III. THE FULL CSI CASE
In this section, we assume that the relay node can obtain
full CSI, i.e., h and g, before the entire transmission. To
obtain the values of h and g at the relay, a RTS (request-
to-send)/CTS (clear-to-send) based channel estimation scheme
can be employed like [16] and [17]. Before starting the
information transmission, the source sends a RTS packet to the
relay and the destination. The relay can estimate the channel
gain h. After receiving the RTS, the destination returns a CTS
packet to the source and the relay. Similarly, the relay can
also estimate g by itself. We assume the channel estimation is
perfect herein. And the effect of channel estimation error is out
of the scope of our paper. Through the RTS/CTS mechanism,
which is compatible with IEEE 802.11 series standards, the
relay can obtain the full CSI before the entire transmission.
Surely, the RTS/CTS mechanism incurs extra overhead and
energy consumption for channel estimation.
For the relay has the knowledge of h and g, minimizing the
outage probability is equivalent to maximize the instantaneous
SNR at the destination. Therefore, the optimization problem
can be written as
Maximize
0<ρ<1
γ(ρ)
By (6), obviously, γ(ρ) is a nonnegative continuous function
about ρ and there are γ(0) = 0 and γ(1) = 0. As a
result, there must exist the maximum(s) {ρ∗} which meet(s)
∂γ(ρ)
∂ρ
|ρ=ρ∗ = 0, by the Mean-Value Theorem [18]. That is
to say the optimal power splitting ratio achieving maximum
SNR is one of the roots. In fact, γ(ρ) is a concave function on
0 < ρ < 1 by calculating its second order derivative. However,
the derivations are too complex to be expressed in this paper.
Alternatively, we intend to calculate all possible ρ belonging
to {
ρ∗
∣∣∣∣ ∂γ(ρ)∂ρ
∣∣∣∣
ρ=ρ∗
= 0, 0 < ρ < 1
}
and pick the optimal ρ∗ which produces the maximum SNR.
Substitute the expression of Pr into (6), we have
γ(ρ) =
Ps|h|2|g|2ρ(1− ρ)
−|g|2σ2rρ2 + (|g|2(σ2r + σ2p)− σ2d)ρ+ σ2d +
σ2pσ
2
d
|h|2Ps+σ2r
. (7)
Then the first order derivative of γ(ρ) with respect to ρ is
derived as (8). To obtain extreme values, we need to solve the
equation ∂γ(ρ)
∂ρ
= 0. Observe (8), we can see the sign of ∂γ(ρ)
∂ρ
corresponds with the numerator term f(ρ) = a1ρ2+ b1ρ+ c1,
where
a1 = σ
2
d − |g|2σ2p,
b1 = −2
(
σ2d +
σ2pσ
2
d
|h|2Ps + σ2r
)
,
c1 = σ
2
d +
σ2pσ
2
d
|h|2Ps + σ2r
.
Hence we just need to solve f(ρ) = 0 . If a1 = 0, then f(ρ) =
0 becomes a linear equation on ρ and the root is ρ∗ = 12 . If
a1 > 0, there are two possible roots of f(ρ) = 0. In this
case, as
−b1+
√
b21−4a1c1
2a1
> 1, we have ρ∗ = −b1−
√
b21−4a1c1
2a1
;
If a1 < 0, there is
−b1+
√
b21−4a1c1
2a1
< 0, so we have ρ∗ =
−b1−
√
b21−4a1c1
2a1
. In both cases, ρ∗ has the same expression.
So the optimal ρ∗ which can achieve the maximum SNR is
ρ∗ =
{
1
2 , if a1 = 0;
−b1−
√
b21−4a1c1
2a1
, else .
(9)
After obtaining all CSIs based on the RTS/CTS mecha-
nism, the relay can compute the parameters a1, b1 and c1,
respectively. Based on the value of a1, the relay adjust its
power splitter according to (9) before the entire transmission.
After that, the transmission process described in system model
section is activated.
IV. THE PARTIAL CSI CASE
Since the RTS/CTS mechanism incurs extra overhead for
channel estimation and may degrade the transmission effi-
ciency, especially in fast time-varying channel situation. In
consideration of the relay harvesting energy from the signal
transmitted by the source, the channel coefficient h can be
estimated by the relay at the beginning of the first phase. For
example, few pilot symbols transmitted by the source can be
used to estimate the channel coefficient h by the relay before
the entire transmission. Usually, the number of pilot symbols
is far smaller than the number of information symbols, so the
system cost is very slight. To avoid the signaling exchanging
for estimating g, we consider the relay only knows the statistic
characteristics of g, which can be estimated and reported by
the destination in a periodic manner [15]. As the statistic
characteristics of g changes very slowly, the period could be
so large that we can ignore the overhead for informing λg
to the relay. Accordingly, the relay knows partial CSI, i.e., h
and λg , and can adjust its ρ to achieve the minimum outage
probability before the entire transmission.
In this case, the optimal policy is to find a ρ to minimize
the average outage probability with respect to g. Denote the
target receiver SNR as γ0 > 0, therefore, the optimization
problem can be expressed as
Minimize
0<ρ<1
Eg [Pr(γ(ρ) < γ0|h)] (10)
By (6), we have
Pr(γ(ρ) < γ0|h) = Pr
(|g|2F (ρ) < γ0σ20(ρ)|h) , (11)
where
F (ρ) = Ps|h|2ρ(1 − ρ)− γ0
(−ρ2σ2r + ρσ2r + ρσ2p) , (12a)
σ20(ρ) = σ
2
d(1− ρ) +
σ2pσ
2
d
|h|2Ps + σ2r
. (12b)
Note that both F (ρ) and σ20(ρ) are independent on g. When
the relay receives the transmitted signal, h is identified and
the relay can only adjust the values of F (ρ) and σ20(ρ) by
0 < ρ < 1. Moreover, on account of σ20(ρ) > 0, there is
γ0σ
2
0(ρ) > 0. To calculate (10), we need to identify the sign
of F (ρ). If F (ρ) ≤ 0, then |g|2F (ρ) < σ20(ρ)γ0 is always
true, i.e., Pr(|g|2F (ρ) < σ20(ρ)γ0|h) = 1, which means that
the destination cannot receive error-free information. To avoid
this situation, we should find the optimal ratio in the set Ω =
{ρ|0 < ρ < 1, F (ρ) > 0}. Through (12a), the set Ω can be
written as {ρ|0 < ρ < ρmax(|h|2)}, where F (ρmax(|h|2)) = 0
and
ρmax(h) =
Ps|h|2 − σ2rγ0 − σ2pγ0
Ps|h|2 − σ2rγ0
. (13)
Obviously, if ρmax(h) ≤ 0, Ω becomes an empty set. By (13),
there is a threshold H0 =
γ0(σ2r+σ2p)
Ps
, which is the root of
ρmax(H0) = 0, for h in order to make Ω not empty. If |h|2 ≤
H0, the transmission outage must be produced no matter how
we adjust ρ. In other words, there is no room to minimize the
outage probability in this case. As a reasonable and practical
strategy, if |h|2 ≤ H0 we set ρ∗ = 1 to harvest energy as much
as possible. If |h|2 > H0, Ω is not empty and we need to find
out the optimal ρ in Ω. Therefore, we have
Eg [Pr(γ(ρ) < γ0|h)] |ρ∈Ω = Pr
(
|g|2 < σ
2
0(ρ)γ0
F (ρ)
∣∣∣∣h
)
=
∫ γ0σ20(ρ)
F (ρ)
0
e
− x
λg
λg
dx = 1− exp
{
−γ0σ
2
0(ρ)
F (ρ)λg
}
.
(14)
Let W (ρ) = F (ρ)
σ20(ρ)
. As minimizing 1 − exp
{
− γ0σ20(ρ)
F (ρ)λg
}
is
equivalent to maximize W (ρ), solve problem (10) equals to
Maximize
ρ∈Ω
W (ρ) (15)
The object W (ρ) ≥ 0 is a continuous function of ρ ∈ Ω. In
addition, it is easy to see that F (0) = F (ρmax) = 0, so that
there are W (0) = 0 and W (ρmax) = 0. Besides, as W (ρ) is
the concave function on 0 ≤ ρ ≤ 1 [19], there must exist one
ρ∗ to maximize W (ρ) over the set Ω. The derivative of W (ρ)
with respect to ρ is
∂W (ρ)
∂ρ
= a2 − c2
(ρ− b2)2 . (16)
∂γ(ρ)
∂ρ
=
Ps|h|2|g|2
(
(σ2d − |g|2σ2p)ρ2 − 2
(
σ2d +
σ2pσ
2
d
|h|2Ps+σ2r
)
ρ+ σ2d +
σ2pσ
2
d
|h|2Ps+σ2r
)
(
−|g|2σ2rρ2 + (|g|2σ2r + |g|2σ2p − σ2d)ρ+ σ2d +
σ2pσ
2
d
|h|2Ps+σ2r
)2 . (8)
where
a2 =
Ps|h|2 − γ0σ2r
σ2d
,
b2 = 1 +
σ2p
|h|2Ps + σ2r
,
c2 = b2
(
a2σ
2
p
Ps|h|2 + σ2r
+
γ0σ
2
p
σ2d
)
.
Let ∂W
∂ρ
= 0, therefore, we can obtain the roots ρ = b2±
√
c2
a2
.
Meanwhile, as b2 +
√
c2
a2
> b2 > 1, we just choose ρ∗ =
b2 −
√
c2
a2
. In summary,
ρ∗ =
{
1, if |h|2 ≤ H0;
b2 −
√
c2
a2
, else . (17)
Through the mechanism introduced at the beginning of this
section, the relay can obtain h and λg so that ρ∗ can be
calculated by (17). Accordingly, the relay also can adjust its
power splitting ratio before the transmission.
V. SIMULATION
In this section, we present simulation results to verify the
proposed optimal power splitting policies. Simulation param-
eters are given as: σ2r = −20dBm, σ2p = −20dBm, σ2d =−17dBm [10]. At the source, we set the fixed transmission
rate R = 3 bits/sec/Hz so that the threshold value of SNR at
the destination γ0 = 2R−1. In order to show the advantage of
our proposed dynimic power splitting policies, the fixed power
splitting schemes proposed in [10] with ρ = 0.4, ρ = 0.6, and
ρ = 0.8 are also simulated. We simulate the average outage
probability of the relay network with above power splitting
schemes over 106 channel realizations.
First, we assume the distance from the source to the
relay equals to that from the relay to the destination, e.g.,
λh = λg = 1.5. The outage performances achieved by the
proposed power splitting policies are shown in Fig. 2. As
the transmit power increases, the average outage probability
decreases. Both proposed power splitting policies achieve
better performances than all the schemes with fixed ρ. For
example, the full CSI based policy obtain about 1.25 dB gain
than the scheme with ρ = 0.8, 1.7 dB gain than the scheme
with ρ = 0.6 and 2.5 dB gain than the scheme with ρ = 0.4 if
Ps = 50dBm. Although the policy with full CSI outperforms
the policy with partial CSI, the performance gap is slight, e.g.,
if Ps = 50dBm and both average outage probabilities are lower
than 10−4, the gap is only about 0.5 dB. That is to say the
policy with partial CSI, which incurs less overhead, approaches
the policy with full CSI closely. If the RTS/CTS mechanism
is not available, policy with partial CSI is suggested.
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Fig. 2. Outage probability Pout versus transmit power Ps. (σ2r = −20dBm,
σ2p = −20dBm, σ2d = −17dBm, λh = 1.5, λg = 1.5).
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Fig. 3. Performance gains as η versus λg . (Ps = 40dBm, σ2r = −20dBm,
σ2p = −20dBm, σ2d = −17dBm, λh = 1.5).
Second, we investigate the effects of the channel statistical
parameters on the gains of the proposed power splitting
policies. Treating the policy with ρ = 0.4 achieving the worse
performance as the baseline, we define the performance gain
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Fig. 4. Performance gains as η versus λh. (Ps = 40dBm, σ2r = −20dBm,
σ2p = −20dBm, σ2d = −17dBm, λg = 1.5).
as
ηfull = − ln P
full
out
P ρ=0.4out
, ηpar = − ln P
par
out
P ρ=0.4out
,
ηρ=0.6 = − ln P
ρ=0.6
out
P ρ=0.4out
, ηρ=0.8 = − ln P
ρ=0.8
out
P ρ=0.4out
.
where ηfull is the gain of policy with full CSI, ηpar is the gain
of policy with partial CSI, ηρ=0.8 is the gain of policy with
ρ = 0.8, and ηρ=0.6 is the gain of policy with ρ = 0.6. Fig.
3 and Fig. 4 show the performance gains for different λg and
λh. In Fig. 3, we can see that as the λg increases the gains
decrease. It means that the proposed dynamic policies are very
suitable for the case where the path loss from the relay to the
destination is drastic. And both proposed policies have almost
the same gains, which are larger than ηρ=0.6 and ηρ=0.8. Note
that if λg ≥ 4, there is ηρ=0.6 > ηρ=0.8, which means the
policy with ρ = 0.6 achieves better outage performance than
the policy with ρ = 0.8. If λg ≥ 9, there is ηρ=0.8 < 0.
That is to say the policy with ρ = 0.8 has a worse outage
performance than the policy with ρ = 0.4. In Fig. 4, the
performance gains increases as λh increases. The reason is that
the more energy the relay obtains the more room the proposed
policies have for transmission optimization. Similarly, ηpar
approaches ηfull closely. Both proposed policies outperform
the policies with fixed ρ. From both figures, we can see that
the channel parameters affect the performances of the proposed
power splitting policies. The policy with full CSI achieves the
best performances and the latter approaches the former closely
all the time.
VI. CONCLUSION
In this paper, dynimic power splitting policies with full
CSI and partial CSI for rely networks with wireless energy
harvesting are proposed to minimize the system outage prob-
ability. Through simulations, it is found that both proposed
policies outperform the policy with fixed power splitting
ratio. Although the policy with full CSI can achieve the best
performance, extra system overhead is also incurred. Bring in
negligible cost, the policy with partial CSI approaches the best
performance closely.
ACKNOWLEDGMENT
This work is supported by the Research Fund of National
Mobile Communications Research Laboratory, Southeast Uni-
versity (No. 2011D14).
REFERENCES
[1] Y. Chen, Q. Zhao , “On the lifetime of wireless sensor networks”. IEEE
Communications Letters, vol. 9, no. 11, pp. 976-978,2005.
[2] L. R. Varshney, “Transporting information and energy simultaneously,”
in Proc. IEEE Int. Symp. Inf. Theory (ISIT), pp. 1612-1616, Jul. 2008.
[3] P. Grover and A. Sahai, “Shannon meets Tesla: wireless information
and power transfer,” in Proc. IEEE Int. Symp. Inf. Theory (ISIT), pp.
2363-2367, Jun. 2010.
[4] X. Zhou, R. Zhang, and C. Ho, “Wireless information and power
transfer: architecture design and rate-energy tradeoff,” in Proc. IEEE
GLOBECOM, pp.3982-3987, Dec. 2012.
[5] L. Liu, R. Zhang, and K. C. Chua, “Wireless information and power
transfer: a dynamic power splitting approach,” IEEE Trans. on Wireless
Commun., vol. 61, no. 9, pp. 3990-4001, Sept. 2013.
[6] L. Liu, R. Zhang, and K. C. Chua, “Wireless information transfer with
opportunistic energy harvesting,” IEEE Trans. on Wireless Commun.,
vol. 12, no. 1, pp. 288-300, Jan. 2013.
[7] L. Hu, C. Zhang, and J. Xu, “Simultaneous wireless information and
power transfer with co-channel interference,” in Proc. IEEE PIMRC
Workshop on Current Challenges for Wireless Power Transfer, pp. 2148-
2152, Sept. 2014.
[8] X. Zhou, R. Zhang, and C. Ho, “Wireless Information and Power
Transfer in Multiuser OFDM Systems,” IEEE Trans. on Wireless
Commun., vol. 13, no. 4, pp. 2282-2294, Apr. 2014.
[9] S. Timotheou, I. Krikidis, and B. Ottersten, “MISO interference channel
with QoS and RF energy harvesting constraints,” in Proc. IEEE Inter-
national Conference on Communications (ICC), pp. 4191-4196, Jun.
2013.
[10] A. A. Nasir, X. Zhou, S. Durrani, and R.A. Kennedy, “Relaying
protocols for wireless energy harvesting and information processing ,”
IEEE Trans. on Wireless Commun., vol. 7, no. 12, pp. 3622-3636, Jul.
2013.
[11] Z. Ding, S. M. Perlaza, I. Esnaola, and H. Vincent Poor, “Power allo-
cation strategies in energy harvesting wireless cooperative networks,”
IEEE Trans. on Wireless Commun., vol. 13, no. 2, pp.846-860, Feb.
2014.
[12] Z. Chen, B. Wang, B. Xia, and H. Liu, “Wireless information and power
transfer in two-way amplify-and-forward relaying channels,” in arXiv
preprint arXiv:1307.7447(2013).
[13] A. A. Nasir, X. Zhou, S. Durrani, and R. A. Kennedy, “Wire-
less Energy Harvesting and Information Relaying: Adaptive Time-
Switching Protocols and Throughput Analysis,” in arXiv preprint
arXiv:1310.7648(2013).
[14] H. Chen, Y. Li, Y. Jiang, et al, “Distributed Power Splitting for SWIPT
in Relay Interference Channels using Game Theory,” IEEE Trans. on
Wireless Commun., vol.14, no.1, pp.410-420, Jan. 2015.
[15] Y. Jing and H. Jafarkhani, “Single and multiple relay selection schemes
and their diversity orders,” IEEE Trans. Wireless Commun.,vol.8, no.3,
pp.1414-1423, Mar. 2009.
[16] A. Bletsas, A. Khisti, D.P. Reed, and A. Lippman, “A simple Cooper-
ative diversity method based on network path selection,” IEEE Journal
on Selected Areas in Commun., vol.24, no. 3, pp.659-672, Mar. 2006.
[17] Z. Zhou, S. Zhou, J.-H. Cui, and S. Cui, “Energy-efficient cooperative
communication based on power control and selective single-relay in
wireless sensor networks,” IEEE Trans. on Wireless Commun., vol. 7,
no. 8, pp. 3066-3078, Aug. 2008.
[18] http://en.wikipedia.org/wiki/Mean value theorem
[19] S. Boyd and L. Vandenberghe, Convex Optimization. Cambridge Uni-
versity Press, 2004.
